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Compound Semiconductor 
Research at the University 
of Washington in Seattle, 
Washington 
The electronic materials program at the University of Washington is a research collaboration 
involving three departments: Chemical Engineering, Electrical Engineering, and Materials 
Science and Engineering. The program addresses current important issues in three areas: 
superlattices and artificially structured materials, epitaxial deposition of electronic materials 
on dissimilar substrates, and use of surface chemistry and atomic layer growth to achieve 
epitaxial deposition at reduced temperatures. A key enabling technology for these research 
areas is the development and use of non-invasive process monitoring and real-time control. 
Research in these areas is leading to new concepts in materials processing and epitaxial 
growth technologies for the semiconductor industry. 
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Ynthesis of nitride-based mate- 
rials has been given a big boost 
with the commercialization of
blue and green LEDs and lasers by the 
Nichia company. This is not the only 
interesting application, however. The 
reduction in size of MOS transistors 
has reached the point where the 
charge stored under the gate is no 
longer sufficient to achieve reliable 
switching at room temperature. The 
silicon IC industry is looking for a 
suitable gate insulator with a higher 
dielectric constant han that of SiO 2. 
The Group III nitrides may contain 
such materials. Current MOVPE de- 
position techniques involve substrate 
temperatures near IO00°C. Research 
by Bill Rogers in Chemical Engineer- 
ing has shown that this temperature 
can by lowered to less than 400°C by 
substituting chemical  energy for 
thermal energy. 
Low temperature growth of GaAs, 
for example, results in non-stoichio- 
metric material with poor electronic 
(L to R) Professors Rogers, Pearsall, and 
Ohuchi in the van der Waals Epitaxy 
Laboratory.at the University of Washington. 
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properties. This happens because 
conventional deposition of epitaxial 
GaAs is not a site-selective process. 
Ga and As atoms arrive at random 
positions on the growth surface. 
Thermal energy is needed to rear- 
range these atoms by surface diffu- 
sion. Atomic Layer Growth (ALG) can 
be used to achieve epitaxial deposi- 
tion at lower interface temperature, 
because surface diffusion of species 
is no longer required. The growth 
interface is first saturated with the 
Group III radical only. This radical is 
incorporated on every available site. 
Then the Group III surface is dosed 
with a Group V hydride that reacts 
with the Group III surface at a 
specific molecular site that has a 
well-defined low-energy (-19 kcal/ 
mole) bond. In the case of A1N 
deposition, this is the amine-metal- 
hydride bond in the precursor metal 
organic trimethyl amine-Mane. This 
cycle is repeated to build up the 
semiconductor layer by layer. ALG is 
site-specific deposition based on mo- 
lecular recognition of one species by 
another. It is quite analogous to the 
functioning of the immune process in 
living organisms. This of cotirse is a 
carbon-based chemistry that works at 
even lower temperatures: around 
3OOK! Our approach is also based 
on recognition chemistry, but at 
slightly higher temperatures that are 
defined by surface reactions of pre- 
cursor materials and not by surface 
diffusion. 
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The process is shown / 
schematically in Fig- j x 
ure 1. Consider expo- L ,-;" 
i .  
sure of a Group III o 
precursor to the hot "o= 
substrate. If the tern- • 
peraturc and flux are 0. 
too low, the precursor 
will not dissociate to (a) 
the proper surface in- 
termediate and may 
block active sites with d the coverage being less 
than a monolayer as 
shown in frame (a). If 
the temperature is too 
low but the flux is high, 
the proper intermedi- 
ates will not form and 
multilayer adsorption 
may occur as shown in 
frame (d). If the flux is 
low but the tempera- 
ture is high, the pre- 
cursor will pyrolyzc 
and surface intermedi- 
ates may dcsorb, again leading to 
submonolayer coverage of the wrong 
surface species. This behaviour is 
shown in frame (c). If the flux and 
temperature are high, the precursor 
may decompose (pyrolyze) comple- 
tely resulting in continuous deposi- 
tion of the Group III element as 
shown in frame (f). At intermediate 
temperature and low flux, frame (b) 
the proper surface intermediates will 
form but the coverage will be sub- 
monolayer. Finally, at intermediate 
temperature with 
adcquate flux, a 
self-limiting mono- 
layer of the desired 
surface intermedi- 
ate will form as 
shown in frame 
(e) and the first 
cr iter ia for ALG 
will be met. The 
Group V precursor 
must then react in 
much the same 
manner and react 
selectively with de- 
r ivat iv ized sites 
from the Group III 
e lement .  S ince  
these criteria are 
required for both 
precursors ,  it is 
not unusual for an 
ALG process  to 
only work within 
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Figure 2: Our calculation of the variation of the bandgap of 
Ga(A~_xN) as a function of mole fraction of GaN.This variation 
shows the result of the very large estimated bowing parameter 
b of nearly 1 aeV 
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Figure 1: Schematic of surface adsorption/reaction phenomena 
during the dosing the Group III precursor in an ALG growth 
strategy 
a temperature range as small as 50 K. 
For the case of Group III nitrides, 
we are using metal-organics for the 
Group III precursor and ammonia. 
The choice of the metal-organic 
material depends on the decomposi- 
tion temperature and tendency to- 
ward self-limiting adsorption. At the 
present time we are investigating 
trimethylamine-alane and diethyl- 
methylamine-alane. Note that the 
aluminum atom group is not bonded 
to carbon. We are hopeful that this 
structure will lead to lower carbon 
doping in the deposited film. 
Van der Waals epitaxy 
Epitaxy of nitride materials raises the 
question about the appropriate sub- 
strate to use, since the appropriate 
nitride substrates do not yet exist. In 
Materials Science and Engineering, 
Fumio Ohuchi is developing a solu- 
tion to this problem through the use 
of a new growth method called van 
der Waals epitaxy (VDWE). In this 
approach, the substrate and the 
epitaxial film arc separated by an 
intermediate epitaxial growth of two- 
dimensional layered buffer material 
such  as MoS2 or  WS 2. Strain from 
lattice mismatch between the sub- 
strate and the epitaxial film is com- 
pletely relieved by the van der Waals 
bonding between layers in the buffer 
region. This approach effectively 
decouples  the epitaxial film of 
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Figure 3: Drift of the wafer temperature is a real problem in conventional epitaxy reactors. 
In 3a a programmed change in wafer temperature takes 20 rains, while the heater thermocouple 
comes to equilibrium in 2 minutes. Under DR$ control the wafer can be brought to temperature 
in 2 rain, iust like the heater foils.This is achieved by direct optical monitoring of the wafer 
temperature. In 3b It can be seen that while the heater thermocouple is apparently quite stable, 
the wafer temperature is actually drifting downward 
interest, such as GaN, from the 
substrate. 
A particularly interesting class of 
van der Waals materials are the III-VI 
compound semiconductors. Materi- 
als based on the III-VI compounds 
have distinct structural, electronic 
and optical properties not found in 
the more traditional Group W (Si, 
Ge) III-V (GaAs, InP, etc.) or II-VI 
(ZnSe, CdTe, etc) based materials. 
the III-VI materials comprise two 
principal classes: layered materials 
such as GaSe, and InSe, and cubic 
materials uch as GazSe3 and In2Se 3. 
They are of interest both as proto- 
type systems for heteroepitaxy of 
dissimilar materials and as possible 
novel materials for electronic or 
optoelectronic devices. The struc- 
ture of III-V layered compounds gives 
them highly anisotropic transport, 
mechanical and optical properties. 
In addition, they exhibit large non- 
linear susceptibilities, nearly 200 
times larger than that of KDP, allow- 
ing frequency conversion over a wide 
region of the infra-red spectrum. 
Cubic IIIz-VI 3 compounds form a 
defected zincblende structure with 
one-third of the cation sites empty. 
The ordering of these vacancies leads 
to anisotropies of a somewhat differ- 
ent nature than those of the layered 
compounds. Both classes of III-VI 
materials have bandgaps in the opti- 
cal range and chemical compatibility 
with more traditional e lectronic 
materials. 
The III-VI materials are quite diffi- 
cult to work with in bulk form 
because of their poor mechanical 
and thermal properties. These pro- 
blems can be overcome by the use of 
thin films. If these films can be 
combined with common electronic 
materials though hetero inter face 
technology, an entire new regime of 
materials ystems may be opened for 
future development. The new VDWE 
method is being developed to enable 
such combinations. The basic idea 
behind VDWE is that the lattice 
mismatch condition can be removed 
ff the two materials do not establish 
chemical bonding at the interface. 
This can be accomplished when the 
interface is structurally and composi- 
tionally decoupled, by passivating the 
surface of the covalent substrate and 
introducing stacked layers of crystal- 
lographically two-dimensional materi- 
als with predominantly van der Waals 
interactions. Using this technique, we 
have demonstrated the stringent lat- 
tice matching requirement necessary 
for fabrication high quality epitaxy 
can be removed. The layered material 
GaSe exhibits optimal growth on 
surfaces similar to itself; those with 
hexagonal symmetry and no dangling 
bonds. We have found that Se-termi- 
nated GaAs (111) formed during 
exposure of GaAs to Se vapour 
( inherent  in GaSe growth),  .is a 
primary substrate materials for such 
a surface, although interdiffusion and 
or vacancy formation is required to 
passivate fully the surface. 
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